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SYSTEMS ON TRACKING ACCURACY 

By George A. Rathert, Jr., Ma- Abramovitz, 
and Burnett L. Gadeberg 

SUMMARY 

This report  continues an asalysis of the relat ionship between air- 
plane and systems characterist ics and tracking  accuracy being conducted 
a t   t h e  Ames Aeronautical  Laboratory by considering  the  effects of insert- 
ing powered f l ight   controls  and camplex fire-control systems fnto  the ' 

pilot-airplane  tracking loop. A brief sumnary of the  pr incipal   resul ts  
of the program campletedthus  far is included. 

With r e g a d  t o  powered control  systems, it was indicated that varimm 
stick-force-feel  devices and t h e   s t a t i c  g e a r i n g  of the  control  system 
were not critical in themselves The o n l y  system tes ted  which the p i l o t s  
could  not cope with had a large  breakout  force which made t he  stick-force 
and stick-position  response  either  indetermfnate o r  very amall a t   t h e  
actual  values of s t ick  force and control-surface  position  the pilot used 
in tracking. When  the  breakout force was reduced the tracking error8 
were reduced t o  a  satisfactory level. 

7 

WFth regard t o  f i r e - c o k r o l  syatema, bath an optfcd  dis turbed-  
r e t i c l e   s igh t  and a scope-presentation  director  system  with  automatic % 

radaz tracking were evaluated.- The m o s t  significant  effect  noted was 
a threefold  increase i n  the gun-line wander when the  disturbed-reticle 
sight was operated w€th large values of gaFn of the  lead-angle computer. 
This increase is  shown t o  be associated with the dynamic response of  the 
lead-aagle computer . 

INTRODUCTION 

This report  continues  the  discussion of the  airplane and systems 
characterist ics which crit ically  affect   tracking  accuracy that was 
i n i t i a t ed  in references 1 and 2. The previous papers deal t  primarily 
with  the aerodynamic behaxior of the  airplane; the  present paper considers 

carrrsllrryier 
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the  effects of  inserting two additional dynamic elements - powered flight 
controls and f i re-cantrol  systems. 

The same experimental  procedure  has  again  been  used,  that is, to 
i so la te   c r i t i ca l   charac te r i s t ics  by comparing the  tracking performances 
with a’wide variety of  complete  systems in   t he  single standard test 
maneuver shown i n  figure 1. The maneuver consists of three segments, a 

S I A N M R D  TEST MANEUVER 
steady  straight tail chase,  an  abrupt breakaway 
turn entry where the  target is maneuvering as 
fast as it can,  and a subsequent steady turn a t  
constant normal acceleration. The comparisons 
t o  be made herein i m l v e  o n l y  the two constant 
g segments. The numerical basis  f o r  comparing . . . - 

the  tracking vill be the s t h a r d  deviation of 

This will be termed the aim wander. An aim 
FAmT wander of 2 mils implies that the  pi lot  was 

z& T TARBET T l lAWtR 
. . . . . . . . 

\ the  oscillations  about  the mean aiming p i n t .  
x. 

ABRUPT 
N R N  ENTRY 

L k  

1 1 - I O  secr able   to  keep the  aiming p i n t  within 2 m i l s  of 
Figure 1 i t s  average  position  approximately 70 percent 

of the time  during . the nin. 

DISCUSSION 

Powered Flight  Controls 

The effects  of‘ control-feel  characteristics  typical of current 
powered control  systems were scrutinized by comparing a large number of 
contemporary fighters  with  the World War I1 F-5lH and F8F airplanes with 
manual control.  Figure 2 i s  a camparFson of the  fixed-sight a h  wanders 

FIXED-SIGHT AM H14NOER i n  pitch  plotted as a function of the normal 
acceleration. The various longitudinal  control 
systems  represented  include  the F-86A (power- 
boosted elevators with  farce-feedback  plus bob- 
weight),  the F2H-3 anc3.F-84F (irreversible  eleva- 
tors a.nd artificial feel) ,  the F7U-3 (irreversible 
ailevators),  the F-86E (irreversible  linked stabi- 

*+s l i z e r  and elev-gtor) aq early version of the F-86D 
1 1  &-::: 
9 %3/’ 17 (irreversible  one-piece  all-movable tai l) ,  and 

0 the same F-86D with the present  standard  service 
WWAL D & ~ ~ . g ’ S  control system. All of the aim wanders are  the 

Figure 2 same order as those of the F-5lH and F8F with 
manual controls (control-surface  hinge moments 

reduced by aerodynamic balance)  except  the  values f o r  the early model 
F-86D which are  as much as four times as Large. 

First,  consider the group of systems which have reasonably low aim 
wanders. They include  quite a wide variety of art if icial-feel   devices,  

c 
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such as springs,  bobweights,  gain  changers, q-boxes,  and dampers, and 
include a l l  of the mechanical  elements  found in  the  unsatisfactory system; 
therefore the control-feel  devices do not  appear to be   t he   c r i t i ca l   f ac to r  
in  the  tracking problem. Further, the  s ta t ic   gear ing of the control sys- 
t e m  i n  itself does not appear to be c r i t i ca l   s ince  the sat isfactory sys- 
tems also encompass the  values of s t ick  force per g and s t i ck  movement 
per g encountered on the  unsatisfactory system.  This  underscores a 
recently  published  tracking  study by Abramovitz and Van Eyke, reference 3, 
i n  which these parameters were i so la te3  on a variable-gearing manual- 
control  system with similar results; the   p i lo t  was able to track even 
with control-system gear ings which were unsuitable  for normal flying. 

m 

The remaining  consideration is the dynamic response of the control 
system. Some ea r l i e r  work by  Phillips,  Brow, and Matthews (ref. 4) 
suggested tha t   the  dynamic response,  specifically the phase angle between 
the  applied  stick  force and the  control-surface  response, would be c r i t i -  
c a l ,  a t  least i n  abrupt maneuvers with large  control  deflections.  There- 
fore the  frequency  response of several of these  systems was measured f o r  
control-surface  deflections of 0 .kO for   the  a i rplanes with elevators  and 
0 . 2 O  for  the  airplanes with all-movable 
tails. Figure 3 shows the  amplitude 
r a t i o  and  phase angle between the s t i c k  
force and the control-surface  position. \ 
as a function of frequency. The ear ly  - 

L F-86D system, and the modified  system as 6 :-I- 
well, are distinguished from the others % Am 

by very  large phase lags. Since the ! 
large phase lags were not reduced in   t he  
satisfactory system,  they do not a p p e a r  m* 

to have  hindered  the  tracking. ‘V 

REswNsE OF CONTROL SYSTEMS 

-F-BCD 

FR-, RlWBEt 

It is apparent  that   the  init ial   Figure 3 
examination of the dynamic response was not adequate. An examination of 
t ime  histories of the  stick-force and control  movements during the track- 
ing runs indicates that tracking is essent ia l ly  a task involving d i n g  
small corrections to  a smooth average fligh path; therefore it involves 
smaU control  displacements  and small st ick  forces  a t  very low operating 
frequencies. The difficulty  with an anal- TO oswLLAmc sTlcK FORCE 

ys is  such as t h a t  i n  figure 3 is  tha t   the  
response of the control system a t  the 
small movements actually  involved  in  track- 1”- 
ing i s  very nonlinear.  Figure 4 i s  a com- 
parison between the responses of the satis- 
factory and unsatisfactory systems i n  the 
same airframe for  the  ranges of s tab i l izer  
position and operating  frequencies the 
pilot   actually  used in tracking. The 
increment in   the   s tab i l izer   pos i t ion  out- WULUTUW mclc FonGE. u 

- . put i s  shown as a function of the  Figure 4 
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oscillating  stick-force  input.for  three  frequencies:. 0.05, 0.10, and 
0.25 cycles per second,  with  the systems in   the  trimmed position. The 
response also varies nonlinearly  with  the  setting of the trimming device. 
The curves are shorn to  the  lowest  values of stabil izer  angle and fre- 
quency a t  which a steady response  could  be measured. The response for  
the  original system is shown dotted for frequencies  other  than  zero 
because  the data had t o  be  obtained on another system  of the same type 
and corrected  to   the  s ta t lc  gearings used i n  the  trackiw..tests.  - 

The chief  difference between these two systems is the sizable reduc- 
t ion   in   the   s t ick   force  a t  which the s t ab i l i ze r  begins t o  reapond. This 
corresponds t o  a reduction in the   s ta t ic  breakout  force from 8 pounds on 
the  unsatisfactory  system  to 4-1/2 pounds  on the  satisfactory system. 
The deadband or region of st ick  forces wherein there i s  e i ther  no response 
or a small inconsistent  response of the  stabil izer  has been cut   in  half, 
and it is precisely  this  band within which the p i l o t  desires to  operate 
the system i n  order  to  track well. The response t o  st ick  force has been 
shown because  the p i lo t  i s  generally assumed t o  f ly  by force feel  i f  he 
can. The responses to stick  posit ion have also been examined and look 
very much like  those shown for   the  s t ick  force.  A deaaband in   the   s t ick  
position due t o  backlash and slop has also been cut in half, from about 
0.2O t o  0 .lo. I n  essence  then  the  pilot  could  not  track well because 
a t  the small s tab i l izer  movements needed to  do .good tracking,  this parti- 
cular control system had l i t t l e  o r  no definite  response  to  ei ther  st ick 
force or stick  posit ion.  

. 
Now it would be interest ing  to  compare, say,  the  specific phase 

lags and time constants  for  these two systems t o  see wbat values  the 
p i lo t  could cope with.  Unfortunately,  the  actual  tracking motions are 
nearly a l l  within  the  region where such dynamic response measurements 
a re   e i ther  unreliable or indeterminate. For t h i s  reason,  rather  than 
attempting  too  profound  an  analysis on the basis-of this  ne unsatis- - .  

factory system, we hare begun an  additional  teet  program wherein an 
F-86D will be  modified t o  incorporate a variable-response  control system 
i n  which each of the  sign-lficant  response parameters can be isolated  in  
turn. 

- 

Fire-Control Systems 

N e x t  the  influence of the dynamic response of the  f ire-control 
system will be  considered. Several  systems typical of the   different  
types now in  service have  each  been evaluated.whe.r..c-gmpgti~ a lead- -. 

pursuit  course, but with the target  performing  the same standard  test 
maneuver so that   the  data are   direct ly  comparable with  the  previous 
fixed-sight  results. 

. . . . . . . - . 
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When a.fSre-control computer i s  inserted i n  the  pilot-control-system- 
airplane  tracking  combination, some new geometry  must be  considered. 
Figure 5 i l l u s t r a t e s  some significant 
terms. The l ine  of s ight  L i s  the true ._ . 
l i ne  in space from the  tracking  airplane . .:s2 
t o  the target.  It is  measured from a 
reference axis ffxed i n  space. The gun 
l ine  or armament reference line is  the 
longitudinal axis of the tracking air- 
plane. It must Lead the l i n e  of sight 
by a cer ta in  angle i n  order to  score a 
h i t .  This  required  position of the gun 
l i ne  i s  indicated t o  the p i l o t  by m e a n s  
of the  tracking  l ine Mich is  an apparent 
l i n e   i n  space  the  pilot sees when he looks Figure 5 
through  the  gunsight r e t i c l e .  The reticle Fs mechanically of fse t  from 
the gun line by the computed Lead angle P furnished  by  the  f ire-contml 
system, thus when the p i l o t  maneuvers the  airplane so t h a t  the r e t i c l e  is 
exactly on the target  the gun l i n e  has the desired lead angle  wlth  respect 
t o  the  line of sight. A small error  in '   tracking  has been shown for clar- 
ity. With a fixed sQht the  tracking  l ine i s  rigidly  attached  to  the gun 
l ine  a t  an arbitrary  angle and t h e i r  motions are identical .  With a com- 
puting sight their  relative motions  depend on the dynamic response of the 
computer and will be an impor"&nt concern i n  the rest of the report. 

The gun-line  motions are pertinent t o  project i les  whlch are not 

"WRSurr T R x x I f f i  

'"." - 

WCB) 

significantly  affected by the relative wind, such as cannon shells o r  
spin-stabilized  rockets. For project i les  which njunp" or a l a e  them- 
selves with the relative wind, such as conventional  rockets  with fins, 
the f l i g h t  path must be considered  rather  than  the gun l ine .  The f l i g h t  
path differs from the gun l i ne  -by an amount depending on the angle of 
attack and the  pitching  velocity. 

Figure 5 has   i l lustrated a system where the track-  information 
and the  target are d i rec t ly   v fs ib le   to   the   p i lo t .  There are other sys- 
tems *ere the  target ts ndt vis ib le  and the desired gun-line  positLon 
is  represented on tke  face  of an oscilloscope. These will be  discussed 
as the test results are presented. 

Since it is desired to  compare the  effects  of changing  the dynamic 
response f o r  several types of fire-control system, the first problem i s  
to   se lec t  some comon  numerical basis  to describe the responses of widely 
different  systems. Not only  are the individual  inputs and outputs  physi- 
cally  different,   but  there are both   e lec t r ica l  and mechanical  analog 
computers with completely  differen*  physical  constants. Something funda- 
mental i s  required, and f o r  this purpose'khe differential  equation  involv- 
ing the lead angle, the  basic  building  block in all of the computers, 
will be examined as indicated  in   f igure 5 .  The resul t ing open-loop lead- 
angle   t ransfer   funct ion  re la thg  the lead angle P to  the angular 

c 



6 NACA RM A551112a 

velocity of the  l ine of sight f, contains a gain and a f i rs t -order  time 
constant which are t o  be found i n  some form I n  any system. 

The term, gain, which w i l l  be  the primary test  variable, I s  the 
required  constant  of  proportionality between the  basic computer input, 
the  angular  velocity  of  the  line of sight,  and the computer output,  the 
lead  angle. The numerical  value of the  gain depends on ba l l i s t i c s ,  such 
as the  velocity of €he projecti le,  and on the  flight  conditions,  such as 
the  range. In this  case,   the test maneuver holds enough quantitfes con- 
stant so that  the  gain can  be  expressed  physically by the  projecti le 
f l i g h t  time in seconds. The time constant i s  a lag  term which i s  intro- 
duced by the  necessary  f i l tering  in an e lec t r i ca l  analog  or damping i n  
a mechanical  analog computer. The numerical  value i s  usually a simple 
constant  in an electrical  analog; i n  a mechanical analog it is the  ra t io  
of the damping coefficient  to  the  gain as shown in  the  equation  in 
figure 5.  

The individual systems tested as implied vary i n  a number of deta i l s .  
For simplicity only two will be  described:  the  actual computer inputs 
used t o  represent  the  line-of-sight mte, and the  actual outputs used to 
indicate  the  desired  lead angle to   the   p i lo t .  The block  diagrams and 
tranefer  functions of the individual systems are presented  in figure G 

INDIVIDUAL SYSTEM DIAGRAMS 
AND TRPNSFER FUNCTnNS 

for reference; however, the  trackin@; per- A 

formances will be 'plotted as functians of 
the  gain and  time  constant so  tha t   d i rec t  
comparisons  between  system6  can  be made. 

Di&urbed-reticle 3ystem. - The first 
system considered,  the A-1  s ight   in   the  
F%A airplane, is classified-as a disturbed- 
r e t i c l e  system. The actual  input t o  the 
computer is the angular velocity of the gun 
l ine,   ra ther  than that of the  l ine of sight,  
a i c h  is cal led  for  in the  lead-angle equa- 
t ion.  This substi tution i s  made t o  elimi- 
nate the need to  mxvide  eciuipent t o  

meamre the  t rue  l ine of sight.  The result of this  substi tution is  the 
dlstinctive  feature of t h i s  system as far as trackfng is concerned - a 
change in the computed lead  angle must be  generated by a motion of  the 
tracking  airplane, that is, by the  pilot  disturbing  the gun l ine .  The 
actual  output of the system is the  position of the  tracking  l ine which 
is  presented to   the   p i lo t  on the  windshield fo r  direct  v i s u a l  comparison 
with  the r e a l   l i n e  of sight,  the  particular system i l l u s t r a t e d   i n  
figure 5 .  
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Figure 7 shows the   effect  of changing 
the  gain of the  lead-angle computer 

MSTWLBEO-RET1W TRACKING 

(expressed as pro jec t i le   f l igh t  time) upon 
the  three  significant wanders: tracking TyEwnsTuiT 

l i ne ,  gun l ine ,  and f l i g b t  path. The 
shaded regions are the  envelopes of Elll of 3 
the  test   points.  The lowest value of gain E *  
corresponds to a short range, 800 fee t ,  and .: 

high  altitude, 35,000 feet;   the  highest  ii 
corresponds to a Long range, 3,000 feet, 
and low a l t i tude ,  10,OOO f ee t .  A t  each 
test value of gain  the  time  constant was 
varied  within  the  limits shown by  changing Figure 7 
the w i n g   i n  the computer mechanism.. The average  fixed-sight aim 
wander in the same airplane i s  shown f o r  comparison. 

an-a40 ~ 9 5 ~ 7 7  - - 
nlc+lT P M Y  
T n m u w  LH 

3 0  .e 1 .6 .E Lo  Le 
LTAL..AHGLE-OOURnER WIN EXPRESSED 

A!i PROXCTLE F W T  TWE.SEC 

The tracking-line wanders are not significantly  affected by any of 
the changes i n   t h e  system response. It is apparent that the p i l o t  was 
able to cope with all of these changes  and t rack  as accurately as he 
could  Kith a fixed  sight.  This a l s o  implies  that  fixed-sight a i m  wanders 
are a good indication of  the  tracking wanders to be  expected when a 
disturbed-reticle system is added to the  tracking  loop. - 

The gun-line wanders, however, which ~ 

F R E a r W  RESPONSE OF MSNRBEO-RETICLE SlGHT 
- f f G & m A T l K R y I L D L b R H o  

10 
are  a measure of the  dispersion imposed on 

proportionally WLth gain to about  three 
times  the  tracking-line wanders, or  to the UIPUrUM a19 
order of 6 m i l s .   his increase is readily zLzE I 

explained. It is  associated  Kith  the LRncKhl+a LIIIL) 

changes in  the  frequency  response of the 
lead-angle computer which are f l l u s t r a t ed  
in   f igure  8. The amplitude ratio, o r  J d I  I M  

r a t i o  of gun-line  input to tracking-line 
output, i s  shown as a functLon of  fre- Figure 8 
quency at the lowest and the  highest  values of 
gain tested. A t  the low gain,  short  range, where the  lead  required is 
small, the r a t i o  of gun line to tracking line is nearly 1 at normal 
operating  frequencies - the two are  closely coupled  and, i n   e f f ec t ,  
approach a fixed  sight.  A t  high gain, long  range, o r  long f l i g h t  times, 
where the  lead  required i s  large,  the  amplitude r a t i o  increases  signifi- 
cantly at operating  frequenc€es, and a larger  motion of the gun l i ne  i s  
required to generate  the  required  lead  angle. Thus, the  increase  in  the 
gun-line wanders observed In the flight t e s t s  is  inherent  in  the lead 
computation  and is associated  with  the  principle of using  the gun l i n e  
as the  input to generate  the  lead angle. 

- small jump-angle projectiles,  increase GAIN 
LIE 

I 

FREwEtCT. RLD/sEc 

The fl ight-path wanders, of course, show the  sane  tendency to - increase  as  the gun-line wanders; however, the  numerical  values are 
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smaller, of the  order of 3 mils, and do not  appear t0 be significant 
since  they  apply o n l y  t o  projecti les with large jump angles,  such as 
conventional  rockets, which inherently have COInParat iVelY large  disper- 
sion  angles. - "_ "" . . . . .  ." ..... . .  -. . . . .  . . . . . . . . . .  - "" 

the 
The 

The effects  of changing the system  damp$%.c.oefficient, which i s  
Tatio of the time constant to the  gain,  are worthy of  separate note. 
test points  corresponding to  the  different time cons-&nts ehowed the 

. . .  ." 

- 

same two trends a t  each  value of gain. There were  no significant varia- - 

t ions with  time  constant,  but  there was a large random sca t te r  of the 
mount  indicated by the  envelope on figure 7. Both of these observa- 
t ions have been  explained by studying  the changes in  the  pilot 's   behavior 
corresponding to   the changes i n  the system damping, particularly  the 
frequency  content of his  tracking  motions. 

EFFECT OF UAUPIffi ON PlLQT BEHAVKIR 

FREQUENCY, RAD/SEC 

Figure 9 Figure 10 

Figure 9 shows the  relative amount of the  tracking-line motion as 
a function of the  frequency of the motion a t  faur.different.values of 
damping. When the system i s  w e l l  damped, the p i lo t  s t i l l  makes rapid 
high-frequency  come'ctive  motions. When the system- is. poorly damped, 
the   pi lot  moves the system primarily a t  low frequencies,  that is, slowli  
and  smoothly. By referring to the  frequency  response of the slgbt at  
the same four values of  damping,. figuse 10, it can be seen that, i n  
effect ,   the   pi lot  i s  confining  the  frequencies a t  which he operates the 
system t o  those  frequencies below the  frequency  (about. 4 .radisns per 
second) a t  which the Tystem response  begins  to change significantly wlth 
damping. Thus, t h i s  compensation by the   p i lo t   i e   t he  reason that there 
was no consistent  variation of gun-line winder"-XtE- &raping o r  the time 
constant. The second. observatian,  the amount of gcat ter ,  i s  due t o  the 
fact  that the pilot,  being human, is  inconsistent. The t e s t   r e su l t s  
indicate considerable .random variation . i n  t-&epilot . . . . . . . . . . . .  behavior from the 
average d u e s  s~awn.in  we. .gJ eyen under tdept@.al..te_st .conditionB . . . . .  a 

. . . . .  

- 

" - 

... " 

. _ _  
." 
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- by  applying  the known transfer  functions of the new system to exis t ing 
tracking-line  or  fixed-sight aim-wander data. However, it has been  found 
tha t  a variation of the  tracking-line power spectrum  with damping must 
be  included. In order t o  get some idea of how general  the  empirical 
averaged variations shown in   f i gu re  9 might  be, these data have  been used 
to  predict  the  gun-line  behavior of the N a v y  Mark 16 sight i n   t h e  PJ-2 
airplane with good accuracy; however, the  variations i n  the s ight  mechan- 
i c s  and certainly  the airframe in   t h i s   ca se  may not  be  large enough to 
be a s ignif icant  test. A more complete discussion of these  disturbed- 
reticle-system  tracking tests has been  published in  reference 5. 

.. 

Director system.- The next type of  system  considered, a modified 
E-4 i n   t he  early F-86DY is  c lass i f ied  as a director  system. The ac tua l  
input t o  the computer is the angular velocity of the l ine  of s ight  as 
measured by an  automatic  tracking radar. The dis t inct lve  feature  of 
t h i s  system, therefore, is  tha t  a motion of the  tracking  airplane  or 
gun l i n e  i s  not requFred t o  generate  the  lead angle. There i s  a compli- 
cation, however, i n   t h e   f a c t  that the  line-of-sight measurement is  noisy. 
The actual  output varies considerably from the  tracking-line  concept  in 
the  previous system. Since  this system must operate where the  target  i s  
not  visible,  the  tracking output is  presented to the   p i lo t  as a displace- 
ment between two dots on an oscilloscope. This displacement i s  an arbi-  

supposed to reduce to zero. 
. trary  function of the  error  in  the  gun-line position, which the   p i lo t  is  

In comparing t h i s  system  with the previous one, therefore,  both  the 
principle of the  lead computer and the  presentation t o  the   p f lo t  have 
been changed. The e f fec ts  of the computer response will be  considered 
first . DIRECTOR W I N G  

Figure ll again shows the  variation of the 
gun-line and fl ight-path wanders with  gain at  
the normal computer time constant. Note t h a t  
the  range of gain  covered i s  considerably 
larger  than  for  the  disturbed-reticle si&t, 
10 seconds compared t o  1.2, t o  account f o r  
long-range  mckets  .or  very low-speed. pmjec- 
tiles such as bombs. There are two signi f i -  0 

cant  observations with regard to the  gun-line LEhO"-CWIRITER U EXPRESS0 

behavior, which was the  chief item of  in t e re s t  
i n  the  disturbed-reticle system. Fi r s t ,   t he  
gun-line wanders with t h i s  system in   the  t racking loop are no larger  than 
the  fixed-sight aim wanders i n   t h e  same airplane. (Remember that t h i s  
evaluation was made in   t he   ea r ly  unmodified F-86D with  the poor control 
response.) Secund, i n  contrast  to the  disturbed-reticle system, they are 
not  affected by the win or lead angle. This would be  expected  since  the 
gun-line motions  simply are not  involved i n  the lead computation unless 
there is an unwanted coupling between the motions of the  airplane and the 
tracking radar antenna. -The corresponding f l i g h t - p t h  wanders are of the 
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order of 5 m i l s ,  again  probably  insignificant i n  comparison with  the 
dispersion of l ikely  project i les .  

Due to   the many independent  variables which affect  the  oscilloscope 
presentation of the  tracking  error t o  the  pilot ,  no data analogous to 
the  tracking-line wanders are shown on figure 11, although it can  be 
deduced f r o m  the  gun-line wanders that   the   pf lot  was able t o  track satis- 
factorily  with  this  particular  presentation. The  more important of these 
variables, which require  separate  evaluation,  include  the amount of I n f o r -  
mation  presented as compared with a visual  tracking  situation,  the noise 
i n   t he   e r ro r  signal. or   the amount of f i l ter ing  appl ied t o  it, and the 
scope sens i t iv i ty ,   tha t  is, the  par t icular   ra t io  between the  dot motion 
and the  gun-line  error. 

Tests have  been conducted a t  the Langley  Aeronautical  Laboratory t o  
isolate   the  effects  of the  lack of target  information,  that is, angle 
of bank or at t i tude,  in the various segments of  the test, maneuver. A 
noise-free scope presentation was simulated by tracking a very  bright 
light i n  a targe-t. airplane a t  night. The aim wanders presented in   the  
following table -show that  tracking i n  the  steady-g  portions of the test 
maneuver which have  been considered in   t h i s   r epor t  was not  affected by 
th i s   fac tor .  

Target Aim wander in mils Portion of 
attitude  information 

5 -9 3.2 Steady turns presentation . 

?.7 2.1 Steady 1 g f l i g h t  Simulated scope 

2.1 1.2 Steady 1 R f l i g h t  

Yaw Pitch tes t  maneuver 

visual 4 .O 2.4 Stead turns 

The effects  of noise in   the  t rackiw-error  signal have also been 
isolated a t  Langley. An APQ-35 radar in an F3D airplane was used with 
the  lead computer and f i l t e r i n g  disconnected so tha t   the   p i lo t  when Look- 
ing a t  the scope s b p l y  saw the  position of  h i s  own gun l i ne  with  respect 
to a noisy  representation of the  target  position. 
Figure 12 shows the wander of the gun l i ne  as 8, . 

function of the  noise  apparent t o  the  pi lot  as 
represented by the root-mean-square difference 
between the  true  target  positi-on and the  position 
indicated on the  scope. The noise-free  point 
again was obtained by the  technique of visually 
tracking a very  bri@;ht l i gh t   i n   t he  t a i l  of the 

be  expected,  coincides  with  fixed-sight aim 
wanders on the same airplane.  Starting from the 0 , ~ , c) 

noise-free  point,  there i s  a very  si@;nlficant.. 
increase i n  the gun-line wander as the  noise i n  Figure 12 
the  presentation  apparent t o  the  pilot  increases. 

EFFECTS OF RAMR NOIS 

-0-35 11*0*11 
F3D URFl.AW 

target  airplane a t  night.  This  point, 8s  would 
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In the E-4 system tests  discussed prevLously, su f f i c i en t   f i l t e r ing  was 
applied to reduce  the  noise  level in the   t e s t s   t o  roughly 4 m i l s  m, 
therefore  this  factor  should  not  affect  the  previous  results. 

A t e s t  program to study the  effects of  the sens i t iv i ty  of the 
tracking-error signal, the  other  important  variable i n  the scope  presen- 
t a t i o n ,  i s  just gettin@;  under way and no results  are  available as yet.  
Since  the  gun-line wanders are already  equal to the  fixed-sight wanders, 
no s ignif icant  impmvement i s  expected,  but  the  critical  range of accept- 
able sens i t iv i ty  should be  defined. 

Before  Leaving the  subject of director systems,  reference  should  be 
made to  tracking data of an  optical  director system. Part icular ly   in  
air-to-ground  use,  the  presence of c lu t t e r  and noise  often makes the  use 
of radar tracking  impractical,  as  figure 12 suggested. In such cases it 
may be desirable t o  consider a director system  with  the  pilot  operating 
an  optical  tracking  devtce to  furnish  the  line-of-sight  rate  input. In 
reference 6 Turner, T r i p l e t t ,  and White have shown that   very low tracking- 
l i ne  wanders of the order of 1 mil or l e s s  can  be  achieved  with  such a 
system  even i n  the  presence of the motions of the  tracking  airplane. 

CONCLUSIONS 

Figure 13  summarizes some of the  resul ts  of the NACA $racking 
research. The left-hand side of  the  f igure shows the four major dynamic 
elements that comprise a tracking system: the p i l o t ,  the aerodynamics, 
the  control system, and the  f i re-control  
system. The center  section lists the mre 
important  changes i n  these  elements which 
have  been  evaluated. The right-hand side 
shows the  relative  increases  in a i m  wander 
as these changes are  introduced. The 

represents  an  experienced  pilot i n  a nor- 

sUMMARYoF cRIT#;bL " 
ywDLRe4pITQI.UNs 

shaded bar,  the initial data i n  each  case, 

There were no significant  variations due 
to the  experience of  the  pi lot  (see ref. 1) . 
With regard t o  the aerodynamics, introducing  nonlinearities such as pitch- 
up resulted i n  the  airplane becoming uncontrollable i n  the tracking  sense 
(see ref. 1). Introducing poor la teral-direct ional  damping i n  the  pres- 
ence of moderately rough air resu l ted   in  aFm wanders of the  order of 
13 m i l s  (see ref. 2). With regard t o  the  control system, introducing 
power-boosted o r  irreversible  controls  with good  aynamic response  had 
small effect,  but  irreversible  controls  with poor  response  increased  the 
aim wanders t o  the order of 8 m i l s .  And, f ina l ly ,  with regard  to  the 

Figure 13 
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fire-control system, the  most  signFficant  critical  effect  noted was a 
twofold to threefold  increase in the  gun-line  wanders of a disturbed- 
reticle  system  at  high  values of gain and time  constant. 

Ames Aeronautical  Laboratory 
National  Advisory  Committee  for  Aeronautics 

Moffett  Field,  Calif.,  Apr. 12, 1955 
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